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An activity of Notch regulates JNK signalling and affects dorsal
closure in Drosophila
Vincent Zecchini, Keith Brennan and Alfonso Martinez-Arias
Background: The Drosophila Notch protein is a receptor that controls cell fate
during embryonic development, particularly in lateral inhibition, a process that
acts on groups of cells that share a particular developmental potential to restrict
the number of cells that will adopt that cell fate. The process of lateral inhibition
is implemented by the nuclear protein Suppressor of Hairless (Su(H)) and is
triggered by the ligand Delta. Recent results have shown that the interaction
between Delta and Notch triggers the cleavage of the intracellular domain of
Notch which then translocates to the nucleus and binds to Su(H).
Results: We find that Notch plays a role in the patterning of the dorsal
epidermis of the Drosophila embryo and that this function of Notch is
independent of Su(H), requires Notch at the plasma membrane and targets the
c-Jun N-terminal kinase (JNK) signalling pathway. Notch mutants show high
levels of JNK activity and can rescue the effects of lowered JNK signalling
resulting from mutations in the hemipterous and basket genes. Two regions of
the intracellular domain of Notch are involved: the Cdc10/ankyrin repeats,
which downregulate signalling through the JNK pathway, and a region
carboxy-terminal to these repeats, which regulates this negative function.
Conclusions: Our results reveal a novel signalling activity of Notch that does
not require its cleavage and acts by modulating signalling through the JNK
pathway. In the Drosophila embryo, this activity plays an important role in the
morphogenetic movements that drive dorsal closure.
Background
The Notch gene of Drosophila encodes a receptor that has a
complex structure and is involved in a large number of cell
interactions [1]. The best-characterized function of Notch
is in a general process termed lateral inhibition, through
which small numbers of cells, selected to adopt particular
fates (for example, muscle or neural precursors) from a
larger group of cells that all have this potential, suppress
the ability of surrounding cells to adopt the same fate
[1,2]. This function of Notch is mediated by the nuclear
protein Suppressor of Hairless (Su(H)) [3] and is imple-
mented by a ligand encoded by the Delta gene [2]. The
interaction between Notch and Delta leads to the cleav-
age of the intracellular domain of Notch. This fragment
enters the nucleus, where it binds to Su(H) [4–6] and acti-
vates the expression of transcriptional repressors encoded
by the Enhancer of split (E(spl)) complex [7,8].
A variety of observations suggests that, in addition to the
signalling event mediated by Delta and Su(H), there might
be other functions of Notch associated with different sig-
nalling events. For example, Notch is required for aspects
of the differentiation of photoreceptor cells in the eye [9]
and of sibling cells in the peripheral nervous system and
the mesoderm [10–12], for axonal pathfinding [13] and for
Wingless signalling [14–16]. Although for some of these
events there is evidence that Notch signalling is indepen-
dent of Su(H) [13,16,17], little is known about what other
signalling pathways may be modulated by Notch.
Here, we describe a function of Notch in the patterning of
the dorsal epidermis of the Drosophila embryo. This func-
tion involves a novel signalling event, which is mediated
by modulation of signalling through the c-Jun N-terminal
kinase (JNK) subclass of mitogen-activated protein (MAP)
kinase pathways and which has structural and functional
requirements that make it different from lateral inhibition.
Our experiments show that this function is independent
of Su(H) and requires Notch at the cell surface.
Results
Mutations in Notch affect dorsal closure
In Drosophila, loss of Notch function during embryogene-
sis results in the loss of all ventral and lateral epidermis
and the resulting cuticle because of a transformation of
ectodermal cells into neural precursors [18]. As a result, a
patch of dorsal cuticle differentiates in Notch mutant
embryos the size and pattern of which depends on the
amount of Notch function: as the amount of Notch func-
tion is reduced, the dorsal cuticle became smaller and
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more abnormal (Figure 1). In general, the cuticle secreted
by zygotic Notch mutants is crinkled and, in the complete
absence of zygotic or maternal Notch, as in mutant embryos
generated from germ-line clones, the cuticle is very disor-
ganized and thin and often has a hole in the middle
(Figure 1d). These phenotypes cannot be ascribed to
changes in the boundary of the neurogenic region associ-
ated with the different alleles of Notch because this bound-
ary — located halfway along the dorsoventral axis of the
embryo — is not changed by the degree of Notch function
([18,19] and our unpublished observations).
Defects in the patterning of the dorsal epidermis similar to
those observed in Notch mutants are associated with fail-
ures in the process of dorsal closure, a series of morpho-
genetic movements that endow the embryo of Drosophila
with its final morphology [20] (Figure 2a). For most of
embryogenesis, the dorsal surface of the Drosophila
embryo is covered by an extraembryonic membrane, the
amnioserosa. During the process of dorsal closure, the epi-
dermal cells stretch dorsally to fill the space covered by
the amnioserosa and generate a continuum of epidermis
(Figure 2b–d). These cell movements appear to be orches-
trated by the dorsal-most epidermal cells, which have a
specialized cytoskeleton and, from stage 12, form a pal-
isade of dorsoventrally elongated cells along the dorsal
edge of the epidermis that progressively stretches in the
dorsal direction [20–22] (Figure 2b–d). This process con-
tinues until about stage 15, when several rows of dorsal
epidermal cells follow the shape changes of the dorsal-
most cells and complete the dorsal closure of the embryo.
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Figure 1
Dorsal cuticles secreted in wild-type embryos and Notch and Su(H)
mutants. (a) Wild-type embryo. (b) Notch zygotic mutant. The ventral
and lateral cuticle have disappeared because of a transformation to
neural tissue. (c) Su(H) mutant derived from a Su(H) germ-line clone.
The cuticle is similar to that of a zygotic Notch mutant, but seems to
have more tissue. (d) Notch embryo derived from a Notch germ-line
clone. When compared with (b), the cuticle is much reduced and is
split down the middle because of the presence of a dorsal hole. In
(a–d), anterior is to the left and dorsal views are shown.
(a) (b)
(c) (d)
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Figure 2
(a) Drawings showing the process of dorsal closure in the wild-type
embryo. From stage 13 to stage 15, the cells of the leading edge and
the lateral epidermis stretch dorsally, resulting in the covering of the
amnioserosa. At stage 15, the two lateral sheets of epidermis meet at
the midline and fuse to close the embryo. Lateral views of embryos are
shown (adapted from Hartenstein [43]). The two rectangles define the
areas shown in (b–j), and ‘as’ refers to the amnioserosa. (b–j) Fasciclin-
III-stained embryos showing dorsal epidermal cells during and after
dorsal closure in (b–d) wild-type and (e–j) Notch mutant embryos. In
each case, anterior is to the left and dorsal is uppermost. Lateral views
are shown in (b,c,e,f,h,i) and dorsal views in (d,g,j). The outlines in (c,f,i)
are camera lucida traces from the areas under the arrowheads in (b,e,h),
respectively. In wild-type embryos, the dorsal-most epidermal cells
stretch dorsally (b,c). The stretching provides an important force for
dorsal closure (reviewed in [21]). When the two layers of epidermal cells
meet at the midline, shown by the arrowhead in (d), they close the
embryo dorsally. In Notch zygotic mutants (e–g) the dorsal-most
epidermal cells appear more stretched than in wild-type embryos, as do
the more ventral cells, which tend to stretch earlier (e,f). These embryos
do eventually close, but display a very irregular dorsal epidermis
(compare (d) with (g) and see Figure 1b) and the midline (arrowhead in
(g)) is no longer a straight line. These defects are exaggerated in Notch
embryos derived from Notch germ-line clones (h–j). During closure, the
cells display a high degree of stretching and disorganization (h,i). These
embryos never close properly (j) and the epidermis consists of isolated
patches that are sometimes continuous (arrows in (j)). The arrowheads in
(b,e,h) indicate the dorsal-most cells of the epidermis. The position of the
posterior spiracle in (d,g) is marked with an asterisk.
(a)
(b) (c) (d)
(e) (f) (g)
(h) (i) (j)
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The expression in the dorsal-most cells of the epidermis
of the gene encoding the transforming growth factor
β homologue Decapentaplegic (Dpp) and of the gene
encoding the dual-specificity phosphatase Puckered
(Puc), both of which are under the control of signalling
through a JNK pathway, is an important factor in this
process (reviewed in [23]; Figures 3a,3b,4a–d).
In Notch mutant embryos, the dorsal-most epidermal cells
appear more stretched than in wild-type embryos
(Figure 2c,f,i). Although zygotic Notch mutants achieve an
abnormal closure (Figure 2e–g), embryos that completely
lack Notch function because they are derived from germ-
line clones achieve an incomplete and very abnormal
closure (Figure 2h–j). We observed that, in the complete
absence of Notch, the dorsal epidermal cells do not differen-
tiate normally: this might account for the observation that
even though there is a normal sheet of epidermal cells at
stages 12 or 13, these do not differentiate an organized
epithelium and secrete a very thin cuticle. In Notch zygotic
mutants, there is a slight increase in the levels of dpp
expression (data not shown). In Notch embryos derived
from Notch germ-line clones, however, the expression of
dpp in the dorsal-most epidermal cells is elevated at
stage 11, but decays during stage 12; at both stages it is pos-
sible to observe ectopic dpp expression in the lateral epi-
dermis (arrowheads in Figures 3c,3d,4e). In these embryos,
there is ectopic expression of puc, as shown by expression
of the puc–lacZ construct (arrowheads in Figure 4f). 
It is interesting that, in the complete absence of Notch,
there is ectopic expression of dpp, followed by an early
decline in its expression. The ectopic expression can
account for the crinkled appearance of the Notch mutant
cuticle, similar to that of puc mutants, which is associated
with ectopic expression of dpp in the dorsal epidermal cells
[23–25]. The premature loss of dpp expression, however, is
similar to that seen in hemipterous (hep) or basket (bsk)
mutant embryos, which display a dorsal hole [23,25,26];
this probably accounts for the dorsal hole that is associated
with the crinkled cuticle in some embryos derived from
germ-line clones. Together, these results indicate that
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Figure 3
Expression of dpp RNA in (a,b) wild-type, (c,d) loss-of function Notch
and (e,f) gain-of-function Notch embryos at stages 11 (a,c,e) and
12 (b,d,f). Anterior is to the left and dorsal is uppermost. In wild-type
embryos, note that in the dorsal-most epidermal cells (arrowheads)
there is a one-cell-wide domain of dpp expression. (c,d) Notch embryos
derived from Notch germ-line clones. The expression of dpp is very high
and is present in more cells than in wild-type embryos during
stage 11 (c) but decays during stage 12 ((d); compare with (b)); even
at stage 12, however, there is ectopic expression of dpp ventral to the
dorsal stripe (black arrowheads in (d)). (e,f) Embryos expressing
UAS–Nintra under the control of da–GAL4. In these embryos, the
pattern of dpp expression at stages 11 and 12 is not significantly
different from that in wild-type embryos (compare with (a,b)).
(a) (b)
(c) (d)
(e) (f)
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Figure 4
Expression of (a,c,e,g) dpp RNA and (b,d,f,h) puc (visualized using a
puc–lacZ expression construct) at stage 13/14 in wild-type and mutant
embryos. Anterior is to the left and dorsal is uppermost. The arrowhead
indicates the position of the dorsal-most epidermal cells. (a,b) In
wild-type embryos, dpp and puc–lacZ are expressed in a single row of
the dorsal-most epidermal cells. (c,d) In hep mutant embryos derived
from hep homozygous females, there is no expression of either dpp or
puc–lacZ. (e,f) Notch embryos derived from Notch germ-line clones.
There is ectopic expression of dpp and puc–lacZ in streaks of epidermal
cells that point ventrally from the leading edge. (g,h) In Notch hep
double mutants the expression of dpp and puc–lacZ is absent.
(a) (b)
(c) (d)
(e) (f)
(g) (h)
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Notch is involved in dorsal closure and that, during this
process, it affects cell shape and the expression of dpp and
puc, two genes that play important roles in dorsal closure.
The function of Notch during dorsal closure is independent
of Su(H)
Three observations suggest that the effects of Notch on
dorsal closure are not due to the well-characterized Su(H)-
dependent Notch signalling pathway. First, in the com-
plete absence of Su(H), embryos develop a larger patch of
dorsal cuticle than that seen in Notch mutants [8]
(Figure 1c). Second, the pattern of expression of dpp in
the dorsal-most cells of the epidermis is not affected in
Su(H) mutant embryos (data not shown). Third, ubiqui-
tous expression in the embryo of Nintra, a cytoplasmic
version of the intracellular domain of Notch that provides
constitutive Notch/Su(H) signalling during lateral inhibi-
tion, has no effect on dorsal closure or on the expression of
dpp in the dorsal-most epidermal cells (Figure 3e,f),
though it occasionally leads to failures in germ-band short-
ening (data not shown). Because loss of Notch function
triggers ectopic expression of dpp, if the function of Notch
during dorsal closure was mediated by Su(H), we would
have expected Nintra to cause the opposite phenotype to
that resulting from the loss of Notch function, that is, pre-
mature loss of dpp expression.
These results suggest that the effects of Notch on dorsal
closure that we observe are associated with a function of
Notch that is independent of Su(H). These effects are
also likely to be independent of the neurogenic pheno-
type because Su(H) mutants are severely neurogenic but
do not display the defects in dorsal closure that are associ-
ated with Notch mutants. Altogether, these results show
that the function of Notch during dorsal closure is differ-
ent from that involved in lateral inhibition and is indepen-
dent of the interaction between the intracellular domain
of Notch and Su(H).
The intracellular domain of Notch is required for dorsal
closure
To explore the function of Notch in dorsal closure further,
we have overexpressed in wild-type and Notch mutant
embryos Notch molecules containing deletions of the
intracellular domain (summarized in Figure 5). Ubiquitous
expression of full-length Notch (FLN) during embryogen-
esis using the GAL4 expression system in which UAS-
driven FLN was coexpressed with GAL4 driven by the
daughterless (da) promoter (da–GAL4; see Materials and
methods) led to embryos with a crinkled dorsal epidermis
and, occasionally, with a dorsal hole (data not shown).
Because FLN, like Nintra, rescued the Notch neurogenic
phenotype [27] (our unpublished observations), but, unlike
Nintra, affected dorsal closure in wild-type embryos, this
result suggests that full-length Notch has other activities
than those mediated by the Nintra construct.
A FLN molecule bearing a deletion of the region carboxy-
terminal to the Cdc10/ANK repeats, FLN∆BRV, rescued
the dorsal mutant phenotype of Notch embryos effectively
and also rescued the ventral mutant phenotype to a lesser
extent. However, when this construct was expressed under
the control of da–GAL4 in wild-type embryos, it had no
effect on the development of the ventral epidermis but
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Figure 5
Summary diagram of the mutant forms of
Notch used in this study and their activities in
our experiments. The different domains of
Notch are indicated: EGF repeats, Lin-Notch
repeats (LNR), Cdc10/ANK repeats (Cdc10)
and the BRV domain. The RAM23 domain is
located between the transmembrane domain
(black) and the Cdc10/ANK repeats. EGF
repeats 11 and 12 containing the Delta-
binding site are shaded more darkly. The
effects of ubiquitous expression of the
constructs on the dorsal (D) and ventral (V)
phenotypes of Notch zygotic mutant embryos
are indicated. These results were obtained by
crossing flies containing the different
constructs controlled by a UAS to Notch/FM7;
da–GAL4 flies and assessing the rescue of
the Notch mutant phenotype in the progeny.
R indicates good rescue; r indicates poor
rescue; nr indicates no rescue. The defects in
dorsal closure resulting from the expression of
the constructs in wild-type embryos are also
indicated and the degree of severity of the
effect is indicated by the number of + signs.
The numbers indicate the kind of phenotype
produced by the mutant molecule. (1) Most of
the defects induced by this molecule mimic
loss of puc function. (2) The defects consist of
dorsal holes and mimic loss of hep or bsk
function. (3) This molecule always produces a
severe crinkling of the epidermis, which
mimics a puc mutant phenotype. In some
instances, when very high levels of the
construct are expressed, either by increasing
the dose or the temperature, holes are
produced that are different in detail from those
of hep mutants. (4) In general, Nintra has no
effect on dorsal closure. At very high levels,
ubiquitous expression of Nintra interferes with
germ-band retraction and occasionally it is
possible to observe very mild puckering, which
may or may not be associated with the failure
in germ-band retraction.
In Notch–/–
D V
   
R R
R r
nr nr
R R
nrr
nr
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generated a dorsal hole similar to that generated by muta-
tions in hep [26] or bsk [25] (compare Figure 6b and 6h).
On the other hand, da–GAL4-driven overexpression of a
FLN molecule that lacks the Cdc10/ankyrin (Cdc10/ANK)
repeats and the RAM23 domain, FLN∆Cdc10, efficiently
inhibited Notch function in a dominant-negative manner
and generated a neurogenic phenotype in wild-type
embryos (Figure 6i). This molecule was unable to rescue
the neurogenic phenotype of Notch mutant embryos but, in
wild-type embryos, it produced a patch of dorsal epidermis
that was dramatically reduced in size, was crinkled and had
a hole (Figure 6i), similar to the patch seen in strong loss-
of-function Notch mutant embryos.
To rule out the possibility that the dorsal-closure pheno-
types that we observed are due to a secondary conse-
quence of the neurogenic phenotype of Notch mutants
rather than to an effect of Notch on dorsal epidermal cells,
we restricted the expression of altered Notch molecules to
cells of the dorsal epidermis using pannier (pnr)–GAL4 to
drive their expression in wild-type embryos (see Materials
and methods). In these experiments, FLN∆BRV pro-
duced phenotypes that were indistinguishable from those
of hep or bsk mutants (compare Figure 6b and 6e). Overex-
pression of FLN∆Cdc10 in the dorsal epidermis of wild-
type embryos did not produce a neurogenic phenotype,
but led to embryos with a cuticle that was crinkled
towards the dorsal midline, similar to that of puc mutants
(compare Figure 6c and 6f). Expression of Nintra under
the control of pnr–GAL4 in the wild-type embryo had no
effect on dorsal closure (data not shown). These results
(summarized in Figure 5) confirm that Notch has a func-
tion in the process of dorsal closure. Furthermore, dele-
tions of specific regions of the intracellular domain can
affect this process in different manners, suggesting that
the intracellular domain of Notch contains more than one
activity related to this process.
Notch function in dorsal closure does not require
processing of its intracellular domain
The interaction between Notch and its ligand Delta
during lateral inhibition can lead to the processing of the
intracellular domain of Notch and translocation of this
domain to the nucleus [4–6]. The processing site in the
intracellular domain of Notch has been identified, and
mutations of this site [4], or of the site of interaction
between Notch and Delta [6], prevent the processing of
Notch and block Notch function during lateral inhibition.
The different effects of FLN and Nintra on dorsal
closure suggest that the function of Notch in dorsal
closure might not require processing of Notch. To test
this, we studied the effects on dorsal closure of forms of
Notch that cannot be processed.
Removal of the Delta-binding site, contained within epi-
dermal-growth-factor-like (EGF) repeats 11 and 12, from
full-length Notch (FLN∆10–12) inactivates the function
of Notch during lateral inhibition. The molecule contain-
ing this deletion could not rescue the neurogenic pheno-
type of Notch mutants but still had an effect on dorsal
closure, producing crinkling of the dorsal epidermis when
expressed in wild-type embryos (Figure 6d). Similar
effects were caused by overexpression of a chimeric recep-
tor (Tor–Nintra) in which the intracellular domain of
Notch was fused to the extracellular domain of the Torso
receptor tyrosine kinase [28] (Figure 6g). This fusion
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Figure 6
Dorsal views of embryos expressing different forms of Notch (see
Figure 5). All images are Nomarski. Anterior is to the left; the position
of the posterior spiracle is marked with asterisks. (a) Cuticle of a wild-
type embryo. Notice a pattern of fine hairs and denticles. (b) Cuticle of
a hep mutant embryo displaying a severe dorsal hole, which is
highlighted by the rim of sclerotized cuticle (arrowhead). (c) Cuticle of
a puc mutant embryo showing the severe crinkling of the dorsal
epidermis and a small posterior hole (arrowhead). Notice that the fine
pattern of hairs is very disrupted relative to wild-type embryos.
(d) Cuticle from an embryo in which FLN∆10–12 has been expressed
in the dorsal epidermis under the control of pnr–GAL4. This embryo
shows a crinkling of the cuticle (arrowhead) which resembles that in a
puc mutant (compare with (c)). (e) Cuticle from an embryo in which
FLN∆BRV has been expressed in the dorsal-most epidermal cells
under the control of pnr–GAL4. Notice that the phenotype is similar to
that of the hep mutant shown in (b). The cuticle displays a dorsal hole,
which is highlighted by the rim of sclerotized cuticle (arrowhead).
(f) Cuticle of an embryo in which FLN∆Cdc10 has been expressed in
the dorsal epidermal cells under the control of pnr–GAL4. This results
in a severe puckering of the cuticle and occasionally a posterior hole
(arrowhead). This phenotype is similar to that of puc mutants (compare
with (c)). (g) Cuticle of an embryo in which Tor–Nintra has been
ubiquitously expressed (see text and Materials and methods for
details). This results in severe crinkling of the dorsal cuticle
(arrowhead). This phenotype is variable. (h) Cuticle from an embryo in
which FLN∆BRV has been ubiquitously expressed. This embryo shows
a severe dorsal hole (arrowhead points to the sclerotized tissue),
similar to that of hep mutants. (i) Cuticle from an embryo with
ubiquitous expression of FLN∆Cdc10. Only the dorsal cuticle is visible
because the neurogenic phenotype results in a transformation of
ventral epidermis into neural tissue. The residual epidermis displays
severe crinkling and a hole (arrowhead), a phenotype similar to that of
loss-of-function Notch embryos (compare with Figure 1d).
(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
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removes the Delta-binding site and, in addition, abolishes
the putative Notch processing site (see Materials and
methods for details) and therefore its effects must be
independent of the lateral-inhibition function of Notch.
These results suggest that the function of Notch in dorsal
closure might not require processing of its intracellular
domain and that this function is therefore performed by a
form of Notch that is located at the cell surface. This pos-
sibility is supported by a comparison of the effects of over-
expression of Nintra and FLN∆BRV on wild-type
embryos. Whereas Nintra is very effective in lateral inhibi-
tion, rescuing completely the neurogenic Notch mutant
phenotype and suppressing neurogenesis in wild-type
embryos, it has a negligible effect on dorsal closure. In
contrast, FLN∆BRV, which is a transmembrane form of
Notch, has a much weaker effect than Nintra on the neu-
rogenic phenotype of Notch mutants and is not effective in
suppressing neurogenesis in wild-type embryos, but has
strong effects on dorsal closure.
Notch targets a pathway that leads to the phosphorylation
of c-Jun
The results presented above suggest that there is an activ-
ity of Notch that is independent of Su(H) and affects the
process of dorsal closure. The mutant phenotypes that we
have observed are similar to those of hep, bsk or puc
mutants, all of which affect signalling through JNK. This
raises the possibility that the activity of Notch revealed by
our experiments modulates signalling through this
pathway. To test this, we studied the effects of Notch
mutants on JNK signalling.
First, we measured the ability of extracts from wild-type
and Notch mutant embryos to phosphorylate c-Jun and
JNK in vitro. This assay provides a measure of signalling
through the JNK kinase pathway. Extracts from Notch
mutant embryos consistently showed increased levels of
JNK activity (Figure 7a) and JNK phosphorylation
(Figure 7b) relative to wild type. Overexpression of
FLN∆BRV, however, reduced the levels of JNK activity
in a manner similar to that of hep mutants (data not
shown); this result is consistent with the phenotype
induced by FLN∆BRV, that is,  loss of JNK activity.
These results correlate well with the phenotypes and pat-
terns of gene expression of JNK signalling targets in Notch
mutant embryos and together they indicate that Notch
contains an activity that modulates signalling through the
JNK family of MAP kinases.
Given that Notch mutant embryos exhibit a strong increase
in the number of neural cells, it is possible that some of
the increased JNK activity is due to this cell-fate change.
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Figure 7
Effects of Notch on JNK signalling. (a) JNK activity in wild-type (WT)
and mutant embryos. The columns of the graph represent the average
of three assays (or nine assays for Notch zygotic mutants). The
similarity between the Notch zygotic (zyg) and germ-line clones (glc)
might reflect the fact that we picked the mutant embryos at stage 13
when, in the case of the zygotic mutants, the maternal component has
run out. For details of the assay see Materials and methods.
(b) Western blot showing the levels of phosphorylated JNK in extracts
from wild-type and mutant embryos at stage 13. Notch and
Notch Df(1)svr mutants show higher levels of phosphorylated JNK
than in wild-type embryos. The loading control, measuring the levels of
β-tubulin, is shown in the blot below. (c–h) Effects of Notch mutations
on mutations that decrease JNK signalling. Anterior is to the left and
Nomarski images of dorsal views are shown. (c) Dorsal cuticle from a
wild-type embryo. (d) Cuticle of a Notch zygotic mutant. (e) Cuticle of
a hep mutant embryo showing the severe dorsal hole. (f) Cuticle of a
Notch hep mutant embryo. The dorsal cuticle is now continuous
across the dorsal midline. Notice that, in the case of Notch hep
mutants, a posterior hole is visible in a few of the rescued embryos. In
hep mutants, the holes are always anterior (our unpublished
observations) and therefore, when a posterior hole is observed, it might
reflect an incomplete rescue. (g) Cuticle of a zygotic bsk mutant. As in
the case of hep mutants, the hole is more pronounced in the anterior
segments. (h) Notch bsk zygotic double-mutant embryo showing the
rescue of the dorsal-closure phenotype.
To assess this, we measured JNK activity in Notch Df(1)svr
double-mutant embryos: the Df(1)svr mutants lack many
proneural genes and therefore neural development [29] in
these embryos is reduced. The absence of Notch would
shunt ectodermal cells into the neural pathways, but the
Df(1)svr mutation prevents the development of neural
tissue. These embryos displayed levels of phosphorylated
JNK that were comparable to those of Notch mutants and
higher than those of wild-type embryos (Figure 7b). This
indicates that most of the JNK activity of Notch mutant
embryos is not due to the excess of neural cells.
Consistent with the observation that Notch modulates
JNK signalling, the dorsal-closure phenotype that is
caused by zygotic loss of Notch function was enhanced
by mutations that lead to an increase in JNK activity,
such as puc mutations (our unpublished observations).
More significantly, zygotic loss of Notch function sup-
pressed reductions in JNK activity, as in hep and bsk
mutants (Figure 7c,h) or in embryos that overexpress puc
[24] (data not shown). In Notch hep double-mutant
embryos, we observed higher levels of JNK activity than
in hep single mutants (Figure 7a). Surprisingly, these
embryos underwent dorsal closure without expression of
dpp or puc. This means that even though loss of Notch
function rescued the dorsal-closure defect of hep mutants,
it did not rescue the loss of dpp and puc expression caused
by the loss of JNK signalling (Figure 4g,h). Zygotic loss
of Notch function did not rescue the dorsal-hole pheno-
type of other mutants like pannier or zipper (our unpub-
lished observation), indicating that the rescue that we
observed is probably due to an involvement of Notch
with the JNK signalling pathway rather than to a morpho-
genetic effect of the neurogenic phenotype. These
results therefore show that the phenotypes that we have
observed with the different Notch mutants are associated
with an activity of Notch that modulates signalling
through the JNK pathway.
Discussion
Our results have uncovered the existence of a function of
the Notch receptor in dorsal closure in Drosophila. Dorsal
closure is a morphogenetic event that involves the coordi-
nation of changes in the cytoskeleton of individual cells
[20–26] with cell interactions mediated through two signal
transduction pathways that involve JNK and Dpp. We
have shown that loss of Notch function results in embryos
with elevated levels of JNK activity that develop pheno-
types similar to those resulting from hyperactivity of the
JNK pathway. This finding indicates that Notch encodes an
activity that can repress signalling through the JNK
pathway. This is supported by our observation that the loss
of Notch function rescues the effects of decreases in JNK
signalling, as in hep or bsk mutants. In addition, localized
overexpression of different Notch molecules in the dorsal
cells of the epidermis generates a series of phenotypes
similar to those generated by mutations of components of
the JNK signalling pathway.
The effect of Notch on dorsal closure is independent of Su(H)
A variety of observations suggests that the function of
Notch in dorsal closure is probably different from its func-
tion in lateral inhibition. In particular, Su(H) mutant
embryos, which have a complete block to lateral inhibi-
tion, undergo dorsal closure normally, and overexpression
of a cytoplasmic version of the intracellular domain of
Notch, Nintra, which provides high levels of Su(H) func-
tion [4,5,27], does not interfere with dorsal closure. In
addition, we observe that Nintra and other forms of Notch
that cannot undergo intracellular cleavage have differen-
tial effects during lateral inhibition and dorsal closure.
This suggests that, in contrast with the Su(H)-dependent
function of Notch, which requires cleavage of the intracel-
lular domain of Notch [4–6], the function of Notch in
dorsal closure might require the integrity of the receptor at
the plasma membrane.
Reductions in Notch function elevate signalling through
the JNK pathway
Recent experiments in a tissue culture system with cyto-
plasmic forms of vertebrate Notch1 and Notch2 have sug-
gested the existence of an activity of the Notch
intracellular domain that antagonizes signalling through a
JNK MAP kinase pathway [30] and that may be mediated
by Deltex, a cytoplasmic protein that associates with
Notch. In Drosophila, Nintra is capable of rescuing the
dorsal-closure defects of loss of Notch function (our
unpublished observations), even though, in our experi-
mental conditions, it cannot interfere with the normal
mechanisms that drive dorsal closure in wild-type
embryos. The rescue of the loss of Notch function might
be due to the fact that Nintra has a weak negative effect
on JNK signalling, which nonetheless is sufficient for the
observed rescue, because it reduces the high JNK activity
of Notch mutants to approximately wild-type levels. Con-
sistent with this, expression of Nintra in Notch hep double
mutants rescues the neurogenic phenotype of Notch
mutants and reveals the dorsal-hole phenotype of hep
mutants (our unpublished observations). We observe that,
in the rescued embryos, the severity of the dorsal-hole
phenotype is proportional to the strength of the rescue of
the neurogenic phenotype; this is probably because as the
activity of Nintra increases it lowers JNK activity to the
low levels characteristic of hep mutants. A similar argu-
ment can explain why FLN∆BRV can rescue the Notch
mutant phenotype, even though it reduces JNK signalling
in wild-type embryos; like Nintra, FLN∆BRV might
lower the levels of JNK activity of Notch mutants to wild-
type levels. However, in contrast to Nintra, the association
of FLN∆BRV with the membrane probably allows it to
interfere strongly with the normal signalling mechanisms
and generate its dominant dorsal-closure phenotype. 
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We find that zygotic loss of Notch function rescues defects
in JNK signalling, but does not restore the expression of
JNK targets like dpp or puc that is lost in hep or bsk mutants.
This is surprising and suggests that the rescue of the dorsal-
closure defect is effected through an alternative route.
There are at least two possible explanations. One is that
Notch regulates the activity of members of the Rho/Rac
family of small GTPases, which can regulate the activity of
the cytoskeleton [31], and that hyperactivity of these pro-
teins can drive the process of dorsal closure in the absence
of dpp. In this case, the loss of Notch function would
increase JNK signalling to levels that are sufficient for
some, but not all, functions associated with dorsal closure.
Another possible explanation is that the rescue could be
effected by hyperactivation of other members of the JNK
family of kinases. Drosophila contains two other members of
the JNK family of MAP kinases [32]. Loss of Notch func-
tion might lead to hyperactivity of these other members,
which would compensate for the reduction in JNK sig-
nalling characteristic of hep or bsk mutants. The observa-
tions that hep mutants do not abolish c-Jun phosphorylation
[23] and that c-Jun phosphorylation is increased in Notch hep
double mutants relative to hep single mutants indicate that
this is a likely possibility. The strong reduction in c-Jun
phosphorylation in Notch hep mutants, however, indicates
that Notch also has an input into the JNK (Hep/Bsk)
pathway. It is possible that Notch regulates the activity of a
regulator that is common to all these pathways.
Functional subdivision of the intracellular domain of Notch
Our analysis of deletions of the intracellular domain of
Notch reveals two structural requirements associated with
this novel function of Notch: a domain within the
Cdc10/ANK repeats, and a domain located carboxy-termi-
nal to the Cdc10/ANK repeats (Figure 8). The first region
seems to antagonize JNK signalling, whereas the second
region regulates this negative activity, because its deletion
enhances the antagonistic activity of Notch on JNK
(Figure 8). The coexistence of these two activities on the
same molecule might be the reason that, in the complete
absence of Notch, we observe both ectopic expression of
dpp and premature decay of dpp in the dorsal epidermis.
Notch might be required sequentially to repress and then
to activate the activity of JNK. Whereas specific mutations
can separate these two functions, as we have done here,
the complete loss of Notch function will yield the two
phenotypes simultaneously. 
The two domains highlighted by our experiments are likely
to bind to cytoplasmic effectors. A candidate for the anti-
JNK activity is the product of the deltex gene, which has
been shown to bind the Cdc10/ANK repeats of Notch [33].
We have shown here that these repeats mediate a function
of Notch that antagonizes JNK signalling, and a similar
activity has been observed for Deltex in tissue culture [30].
The dishevelled (dsh) gene product has been implicated in
interactions with sequences carboxy-terminal to the
Cdc10/ANK repeats [34]. In our experiments, removal of
these sequences increases the negative effects of Notch on
JNK signalling, suggesting that these sequences are
involved in the modulation of this activity. Dishevelled has
also been shown to promote JNK signalling [35]. Our
results are consistent with the possibility that this function
of Dishevelled is mediated, in part, by binding to the
region carboxy-terminal to the Cdc10/ANK repeats and
antagonizing the effect of Deltex on JNK signalling.
Conclusions
Our results show that Notch, most likely at the cell
surface, modulates signalling through members of the JNK
family of MAP kinases. Notch appears to have a negative
effect on JNK signalling, but it also contains sequences
that can modulate this antagonistic activity. A surprising
observation is that loss of Notch function can rescue
defects in JNK signalling without recovering JNK-regu-
lated gene expression. It may be that the effects of JNK
signalling on cell fate and cell behaviour are regulated by
separate effectors and make different contributions to the
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Figure 8
Diagram showing the effects of different parts
of the intracellular domain of Notch on JNK
signalling. The Cdc10/ANK repeats (Cdc10)
have an activity that antagonizes JNK
signalling (see Figure 5). Sequences carboxy-
terminal to this domain (including the BRV
domain) appear to be involved in reducing this
effect, because their removal reveals a very
strong negative effect of Notch on JNK
signalling. We notice that the location of some
of these activities overlaps with that defined
for the interaction between the intracellular
domain of Notch and the nuclear protein
Su(H) (bar labelled Su(H)).
Su(H)
Cdc10 BRV 
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final pattern. Notch activity might regulate an effector
common to both and this might be the reason that we can
see rescue of the cell behaviour (the morphogenetic
effects associated with dorsal closure) without changes in
the expression of JNK targets like dpp. The small
GTPases Rho and Rac, which are thought to regulate sig-
nalling through JNK pathways [36], have been shown to
modulate cytoskeletal activity during dorsal closure in
Drosophila [37,38]. It might be that Notch regulates the
activity of these proteins and thus exerts its effects on
gene expression and cell behaviour in a manner that is
independent of Su(H). 
Materials and methods
Mutations and stocks
The Notch mutant that we used was a null allele of Notch, Df(1)N81k;
germ-line clones of this allele were generated with the ovoD system as
detailed elsewhere [39]. The hemipterous allele used in these studies
was hep1, which is null for the embryonic function [26]. Notch hep
double mutants were generated with a Df(1)N81k hep1 chromosome.
Df(1)N81k hep1/FM7 females were crossed to hep1 males and the
resulting Df(1)N81k hep1/hep1 females were crossed to hep1 males. As
Notch and hep are both on the X chromosome, one quarter of the
progeny are expected to be hemizygous for Notch and hep. These
embryos were readily recognizable from their neurogenic phenotype and
amounted to one quarter of the progeny. The allele of bsk used in this
study was Df(2L)flp147E, which is a null [25]. Zygotic double mutants
with Notch were obtained from females Df(1)N81k/+; Df(2L)flp147E/+
crossed to Df(2L)flp147E/+ males. One quarter of the Notch mutant
embryos, readily distinguishable by their neurogenic phenotype, should
also be homozygous for bsk. In all our experiments one quarter of the
Notch mutants showed some degree of puckering or small holes that
were invariably located at the posterior end of the embryo (as shown in
Figure 7), which are never seen in Notch mutants. Su(H) mutant
embryos were derived from germ-line clones generated with the
Su(H)SF8 allele as detailed elsewhere [8] but using a different stock
(yw, hsFLP24;Sp/CyO; MKRS/TM2 ry) to induce recombination. The
elimination of the neural tissue of Notch mutants was achieved by com-
bining Df(1)N81k with Df(1)svr, which removes many proneural genes
and dramatically reduces neural development [29]. Embryos that are
double mutant for Notch and Df(1)svr produce mostly epidermal struc-
tures upon differentiation [29]. Ectopic expression of different Notch
molecules was achieved with the GAL4 expression system of Brand
and Perrimon [40]. Ubiquitous expression was achieved with GAL4
under the control of the da promoter (da–GAL4) and restriction of
expression to the dorsal epidermis was achieved with GAL4 under the
control of the pnr promoter (pnr–GAL4), which drives expression solely
in the epidermal cells dorsal to the tracheal pits. The different UAS-
driven constructs, which are activated wherever GAL4 is expressed are
detailed below. In many experiments a stock N55e11/FM7; da–GAL4
was used. N55e11 is a null allele of Notch; this stock allowed the expres-
sion of various forms of Notch in a Notch mutant.
Constructs
Ectopic expression of mutated Notch molecules was achieved by placing
cDNAs for the different constructs in front of pUAST [40]. The FLN con-
struct was obtained by cloning the region of Notch cDNA encoding the
intracellular domain of the Notch protein as a BglII–XbaI fragment into the
pUAST vector containing a 5718 bp NruI fragment of the Notch cDNA
(encoding amino acids 1–1789; numbering as specified in Kidd et al.
[41]) into the pUAST vector cut with EcoRI and KpnI and endfilled. The
FLN∆Cdc10 and FLN∆BRV were taken from heat-shock-inducible
vectors [27] from T. Lieber. These deletions were introduced into the full-
length Notch (FLN) cDNA in the pUAST vector by replacing the wild-type
BglII–XbaI fragment of pUAST+FLN with the BglII–XbaI fragment of the
Notch cDNA that contains the deletion. The Nintra construct is described
in Seugnet et al. [28], and was produced by excision of the AatI fragment
(between nucleotide positions 890 to 901 and 14445 to 14450; num-
bering as specified in Kidd et al. [41]). This deletes the extracellular and
transmembrane domains of Notch and keeps the DNA coding for the
intracellular domain in the right reading frame. In FLN∆10–12, amino
acids 412–566, inclusive, are deleted and EGF-like repeats 9 and 14 are
fused, while the structural integrity of the remaining EGF-like repeats is
maintained. The deletion construct was produced by fusing two PCR
fragments amplified from the full-length Notch cDNA. The first fragment
was generated using the following primers: 5′-TGA CAA AAT AAT GGT
GGC ACC TG-3′ (which anneals to nucleotides 2,420–2,439) and 5′-
GGA CCT GCT CCG GAC ATG GA-3′ (which anneals to nucleotides
10,300–10,319 and generates a StuI site, shown in bold, at position
10,308–10,313). This fragment was digested with KpnI and StuI. The
second fragment was generated using the following primers: 5′-TCA ATA
TAG AGG CCT GTC AGT CG-3′ (which anneals to nucleotides
10,764–10,786 and generates a StuI site, shown in bold, at position
10,773–10,778) and 5′-CCA GTT GCC GAT GTT CAC GCA GA-3′
(which anneals to nucleotides 11,617–11,639). This fragment was
digested with StuI and NsiI. These two fragments were fused and intro-
duced into the KpnI–BglII fragment of the Notch cDNA in the pSP72
vector in place of the wild-type KpnI–NsiI fragment. The deletion con-
struct was then sequenced and cloned into pUAST+FLN. The Tor–Nintra
fusion is described in Seugnet et al. [28]. The fusion site of this construct
is Cys420(torso) Arg(new) Ile(new) Gln1767(Notch). The first amino acid from
the Notch sequence in the fusion protein, Gln1767(Notch), is the last amino
acid of the Notch transmembrane domain. The Tor–Nintra fusion protein
therefore does not include the processing site of the intracellular domain
of Notch, which is situated a few amino acids upstream of Gln1767 (at
Val1763), as described in Schroeter et al. [4].
Kinase assays
For assessment of endogenous ERK and JNK activity, 50 dechorionated
embryos at stage 13 were homogenized in 50 µl ice-cold extraction buffer
(25 mM HEPES pH 7.7, 0.3 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
20 mM β-glycerophosphate, 0.1 mM Na3VO4, 0.1% Triton X-100, 0.5 mM
DTT, 10 µg/ml each of leupeptin and aprotinin). The extracts were clarified
by centrifugation at 12,000 × g for 20 min at 4°C. For measurements of
the endogenous JNK activity, a 5 µl aliquot of the clarified extract was
diluted to reach a final concentration of each of the components of 20 mM
HEPES pH 7.7, 75 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 20 mM β-
glycerophosphate, 0.1 mM Na3VO4, 0.05% Triton X-100, 0.5 mM DTT
and 10 µg/ml each of leupeptin and aprotinin. The diluted extract (200 µl
volume) was cleared by mixing with 20 µl of glutathione–agarose for 2 h at
4°C. The glutathione–agarose was pelleted and the supernatant was
transferred to a new tube and incubated overnight at 4°C with glutathione-
S-transferase (GST)–c-Jun (amino acids 1–86 of c-Jun) coupled to glu-
tathione–agarose beads. The beads were then pelleted and washed five
times with 1 ml ice-cold HEPES-binding buffer (20 mM HEPES pH 7.7,
50 mM NaCl, 2.5 mM MgCl2, 0.1 mM EDTA, 0.05% Triton X-100) and
resuspended in 35 µl kinase reaction buffer (20 mM HEPES pH 7.6,
20 mM MgCl2, 20 mM β-glycerophosphate, 0.1 mM Na3VO4, 2 mM DTT,
20 µM ATP, 10 µCi [γ-32P]ATP). The kinase reaction was performed at
30°C for 1 h. The reaction was terminated by adding 1 ml ice-cold
HEPES-binding buffer twice. Laemmli buffer (15 µl) was added to the
beads and the samples were boiled for 10 min before loading on a
SDS–polyacrylamide gel containing 12% polyacrylamide. The gel was
stained with Coomassie blue, dried and exposed to a PhosphorImager
screen. The mutant embryos for the kinase assays were picked on the
basis of their morphology. Trial runs, in which we picked live embryos on
the basis of their morphology and allowed them to differentiate, demon-
strated that we could detect the various mutants accurately after stage 12.
Western blots, antibody staining and in situ hybridizations were performed
by standard techniques [42].
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